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The nitrogen element in nature can be divided into two categories: the nonreactive molecule nitrogen and reactive nitrogen. 
With the intense human being activities, more and more reactive nitrogen was produced from nonreactive nitrogen through the 
chemical process, expanding agriculture activity or fossil fuel use. Currently, the global annual reactive nitrogen production 
through anthropogenic nitrogen fixation occupies half of the global total reactive nitrogen production. With such sizeable 
reactive nitrogen was discharged into the natural environment after human being activities, the eutrophic problem, drink water 
source contaminant, aquaculture activity will become severe. 
With more and more research focusing on anaerobic fermentation of organic waste for energy recovery through the form of 
methane gas or hydrogen gas production, consequently, the generated digestion effluent will become a huge environment 
problem if no proper countermeasure is adopted (Ma et al., 2018a; Ren et al., 2018). There are the crucial nutrients of 
ammonium and phosphorus (P) existed in digestion effluent (Tomaszewski et al., 2018). For ammonium and P removal, there 
are different attitudes for each of them. For nitrogen removal, as human being can easily obtain the ammonium from 
atmosphere through Haber-Bosch process (Ajiwibowo et al., 2019), the strategy of nitrogen removal with final product of 
nitrogen gas is commonly adopted (Guo et al., 2020a). However, for P, obtained mainly from natural phosphate reserves, 
which is speculated to be depleted in several hundred years later with the quality of remaining phosphate rock decreasing and 
production costs increasing (Desmidt et al., 2015), appeal of P recovery raises in recent several decades (Peng et al., 2018). 
According to investigation, about 10% of exploited P finally enter the wastewater (Cordell et al., 2009). It was also reported 
that, globally, about 1.3 Mt P/year is treated in municipal wastewater treatment plants (Van Vuuren et al., 2010). Enriched with 
ammonium and P, digestion effluent from the sludge fermentation installations seems to become both the environmental 
problem and potential P resources to some extent (Chen et al., 2018; Ma et al., 2018a). 
 
Fig. 1 The sources and the characteristics of digestion 
2. Research objectives and the structure of the dissertation 
Biological nitrogen removal methods were thorough nitrogen removal routes. Until now, the nitrification and denitrification 
process, nitritation and denitritation process, and the anammox-based process were proposed for nitrogen removal. Among 
these processes, the anammox process was deemed as the most efficient way. However, many obstacles still limit the full scope 
application. Like the supply of nitrite, the limited nitrogen removal efficiency due to the nitrate production during the anammox 
reaction, and the fragile anammox bacteria during the actual operation. 
Thus, this dissertation focused the existing problems, through the combination of anammox process with other process, like 
the nitritation, denitritation, COD oxidization, and the hydroxyapatite crystallization, for pursuing the more effective nitrogen 
removal and phosphorus revcovery.  
 
Fig. 2 The core anammox process combined with other processes in this thesis 
The thesis consists of the following chapters: 
Chapter 1: this chapter mainly introduce the background of this research, the research objectives and the structure of the 
dissertation. 
Chapter 2: this chapter mainly review the critical problems facing actual application of anammox processes. The latest 
developments in anammox-based processes are summarized, and particular consideration is given to the following aspects: (1) 
the evolution of the chemical stoichiometry of anammox reaction; (2) the status of several main anammox-based processes; (3) 
the critical problems and countermeasures; (4) the emerging anammox-based processes; and (5) the suggested optimal process 
integrating partial nitritation, anammox, hydroxyapatite crystallization and denitratation for digestion effluent treatment 
towards more efficient nitrogen removal and phosphorus recovery in the future. This chapter was published as:  
Guo, Y., Chen, Y., Webeck, E., Li, Y.-Y., 2020a. Towards more efficient nitrogen removal and phosphorus recovery from 
digestion effluent: Latest developments in the anammox-based process from the application perspective. Bioresour. Technol. 
299, 122560. 
Chapter 3: In this chapter, biodegradable organic matter-containing ammonium wastewater treatment through simultaneous 
partial nitritation, anammox, denitrification and COD oxidization process was investigated. For both nitrogen and COD 
removal from biodegradable organic matter (BOM)-containing ammonium wastewater, the simultaneous partial nitritation, 
anammox, denitrification and COD oxidization (SNADCO) process is a promising solution. In this study, with the stable 
influent ammonium concentration of 250.0 mg/L (nitrogen loading rate of 0.5 kg/m3/d) and the variation of influent 
COD/NH4+-N (C/N) ratio from 0.0 to 1.6, the performance of the SNADCO process in a one-stage carrier-packing airlift 
reactor with continuous mode was investigated for the first time. The results showed that until the C/N ratio of 0.8, both the 
well nitrogen and COD removal targets could be reached. Mass balance calculations indicated that the average nitrogen 
removal efficiency (NRE) of 80.9% achieved at the C/N ratio of 0.8 were due to both the anammox and denitrification 
pathways. Correspondingly, the achieved average COD removal efficiency of 94.6% was attributed to both the denitrification 
and COD oxidization pathways. Based on the specific sludge activity tests and Fluorescence in Situ Hybridization observation, 
anammox and denitrification bacteria were mainly distributed in the biofilm sludge, while ammonium oxidizing bacteria and 
ordinary heterotrophic organisms were mainly in the suspended sludge. At the C/N ratio of 1.6, the washout of suspended 
sludge became serious while the biofilm sludge was well retained, resulting in inefficient nitritation and a subsequent decrease 
in NRE. The microbial interaction analysis provided a clear explanation of the performance change of the SNADCO process 
under different C/N ratios. This research enriches the knowledge of the SNADCO process in BOM-containing ammonium 
wastewater treatment. This chapter was published as: 
  Guo, Y., Niu, Q., Sugano, T., Li, Y.Y., 2020b. Biodegradable organic matter-containing ammonium wastewater treatment 
through simultaneous partial nitritation, anammox, denitrification and COD oxidization process. Sci. Total Environ. 
Chapter 4: While the anammox process has been applied in nitrogen removal for high-strength wastewater, in which, in most 
cases, the phosphorus represents another major concern. Here, a novel process, named the one-stage PNA-HAP, that integrates 
the partial nitritation/anammox and hydroxyapatite crystallization in a single airlift reactor is developed for simultaneous 
nitrogen removal and phosphorus (P) recovery from synthetic digestion effluent. With the stable influent P concentration of 
20.0 mg/L, HRT of 6 h, and the alternating increase of influent calcium and ammonium, finally, the nitrogen removal rate of 
1.2 kg/m3/d and P removal efficiency of 83.0% were achieved. The settleability of sludge was well enhanced with the calcium 
addition and the high biomass concentration was achieved in reactor. The quantitative and qualitative analysis confirmed HAP 
was the main inorganic content in sludge with a high content, which could be harvested for P recovery and utilization as 
fertilizer in agriculture land or raw materials in industry. According to the Scanning Electron Microscope observation and the 
Energy Dispersive X-ray spectrometry analysis, it was observed that microbe was mainly distributed on the out layer of sludge 
aggregate, while the HAP was mainly distributed in the inner. This study proves the feasibility of efficient nitrogen removal and 
P recovery through simultaneous one-stage PNA-HAP process for digestion effluent. 
Chapter 5: In this chapter, ultra-micro microbe-crystal consortia with excellent settleability were inoculated in one-stage 
partial nitritation/anammox (PNA) reactor for pursuing a high nitrogen removal rate (NRR) for low-strength ammonium 
wastewater treatment. The results showed that at the hydraulic retention time of about 1.0 h and influent ammonium 
concentration of 60.0 mg/L, the excellent NRR of 1.18 kg/m3/d was achieved, which far exceeds that in the previously reported 
research. The computer tomography was used to explore the structure of this consortia, and it illustrated that the crystal was 
unevenly distributed in the consortia. Nitrogen gas produced by the anammox reaction created the abundant caves in the 
interior of consortia, which lower the hardness of consortia that the formation of consortia with large size was hard created. The 
Florescence in situ hybridization results showed that the anammox and ammonium-oxidizing bacteria were mainly distributed 
on the out layer of consortia, and the crystal was mainly distributed in the interior of consortia. These structures were helpful in 
improving the settleability of consortia and, consequently, the excellent substance transfer with ultra-micro size, which was the 
fundamental reason for achieving this excellent performance. This study made a big leap in low-strength ammonium 
wastewater treatment and has a promising future in expanding the one-stage PNA process application in mainstream 
wastewater treatment. 
 
Fig. 3 The prospective proposed in this dissertation 
Chapter 6: The main conclusions of the conducted studies are summarized and prospective application of the developed 
new process is discussed. The anammox-based process has undergone rapid developments in recent years. 
Many novel researches explored the solutions to long-standing problems facing the application of 
anammox-based process. The integration of the anammox-based process with biological induced phosphate 
precipitation or the denitratation process has the potential to overcome a number of the challenges in 
making the anammox-based process suitable for widespread application. By combining one-stage PNA 
process, hydroxyapatite precipitation, and the denitratation, there presents an optimal strategy for more 
efficient nitrogen removal and phosphorus recovery for digestion effluent treatment. 
This thesis has verified the feasibility of simultaneous nitrogen removal and phosphorus recovery in 
one-stage partial nitritation/anammox reactor combining the HAP crystallization. It pave the way to 
embrace the combination of one-stage nitrogen removal/phosphorus recovery and the denitratation, as 
shown in below figure. 
 
